East Coast Lows (ECLs) are intense low-pressure systems which occur over the subtropical east coasts of southern and northern hemisphere continents. ECLs are typically associated with gale force winds, large seas, storm surges, heavy rainfall and flooding. While ECL impacts are typically seen as negative the rainfall associated with ECLs is also very important for urban water security within the heavily populated eastern seaboard of Australia (ESA). This study investigates historical ECLs to gain insights into the timing, frequency, intensity and location of ECL occurrence as well as the magnitude and spatial extent of ECL impacts on rainfall. The different characteristics and impacts associated with different ECL sub-types are highlighted and it is proposed that this spatial and temporal variability in ECL behaviour at least partially explains why the ESA is hydroclimatically different to the rest of Australia and why different locations within the ESA have such different rainfall patterns-and therefore different levels of flood and drought risk. These insights are critical to the objectives of the New South Wales government funded Eastern Seaboard Climate Change Initiative (ESCCI), in particular Project 5 which focuses on the water security impacts of ECLs. The results of this work will be used to produce climate-informed stochastic daily rainfall simulations that are more realistic than existing stochastic rainfall simulation methods at preserving the statistics important for catchment-scale hydrology (e.g. clustering of extreme events, long-term persistence, frequency/duration/magnitude of wet and dry spells). These simulated rainfall sequences, that incorporate the spatial and temporal hydroclimatic variability caused by ECLs and other climate phenomena, are important inputs into the hydrological models used to determine current and future urban water security within the ESA.
Introduction
East Coast Lows (ECLs) are intense low-pressure systems which occur several times a year over the subtropical east coasts of both southern and northern hemisphere continents (e.g. Verdon-Kidd et al. 2010 , Black and Lane 2015 , Colle et al. 2015 . ECLs often intensify rapidly overnight, making them one of the more dangerous weather systems to affect densely populated coastal regions such as the eastern seaboard of Australia (ESA). ECLs can generate heavy rainfall, often resulting in major flooding, and also gale force winds, resulting in large swells, rough seas, and wind damage to infrastruc-ture. In fact, Hopkins and Holland (1997) estimated that ECLs are responsible for approximately 7% of major Australian disasters and more recent work by Callaghan and Power (2014) found that at least 57% of all major floods to occur in coastal catchments along the ESA from 1860-2012 were associated with ECLs.
In addition to their negative impacts, ECLs and their associated rainfall have also been identified as important for generating significant inflows into major water storages along the east coast of Australia (e.g. Pepler and Rakich 2010 , Verdon-Kidd et al. 2010 , Kiem and Twomey 2014 , Pepler et al. 2014a , 2014b , Black and Lane 2015 . Each year there are about between ten and thirty significant maritime lows and generally (i.e. at least a few times a year), these troughs develop into a major ECL event. These major ECL events are critical to water security within the ESA, as they refill reservoirs. Unfortunately, ECLs have high spatial and interannual variability, with some years and locations experiencing ten or more ECLs while in other years and locations only a few will develop. Little is known as to what causes this variability, the range of variability experienced in the past, and/or how ECL behaviour might change in the future. This region where ECLs impacts are typically experienced contains about half of Australia's population, and a proportionate amount of economic infrastructure and activity. Yet despite the apparent importance of ECLs, understanding into the frequency, intensity, duration, and location of their impacts (and how and why that varies over space and time) and how to deal with them is limited. To further complicate matters, emerging research reveals that there are several different ECL sub-types, each forming differently and with distinctive characteristics (e.g. Speer et al. 2009, Browning and Goodwin 2013) . Good examples of how little we know about ECLs and how vulnerable we are to their impacts include the significant impacts (including loss of lives) associated with the ECL related storms and flooding that occurred in April 2015 and also the ECL events that occurred in June 2007 and resulted in extensive flooding, storm damage and erosion, and also the grounding of the Pasha Bulker (a 40 000 tonne bulk carrier ship) on Nobbys Beach, near Newcastle harbour. At the time the 'Pasha Bulker storm' was the 4th largest insurance loss in Australia since 1968 and this generated interest in ECLs at all levels of government, most notably in terms of their potential impact and future variability in their behaviour under anthropogenic climate change (e.g. Verdon-Kidd et al. 2010 . This recognition across government largely motivated the development of the Eastern Seaboard Climate Change Initiative (ESCCI; http://climatechange.environment.nsw.gov.au/Impacts-of-climate-change/East-Coast-Lows/Eastern-Seaboard-Climate-Change-Initiative).
The New South Wales (NSW) government funded ESCCI commenced in 2007 to address the knowledge gaps associated with the causes and impacts of ECLs and to better understand current and future ECL related risks. ESCCI aims to understand the climate of the ESA (roughly the area between the east-coast and the Great Dividing Range; see Figure 1 ), the effect of climate change on the ESA, and the implications for climate change adaptation in the ESA. A major motivation for ESCCI is that the relatively narrow (~100 km east to west) coastal strip is poorly resolved in current generation global climate models (grid resolution of ~250 km x 250 km) so it has proven difficult to infer climate change trends and impacts for the region. Yet we know from studies of natural climate variability that the hydroclimate east of the Great Dividing Range responds differently to large-scale ocean drivers than regions west of the Divide (e.g. Verdon and Franks 2005 , Verdon-Kidd and Kiem 2009 , Timbal 2010 . Therefore, a strong case can be made that climate change will influence the ESA in unique ways, requiring focused study in its own right.
Figure 1
The eastern seaboard of Australia (ESA), shown on the left, is roughly the area between the east coast and the Great Dividing Range.
The first program within ESCCI, the ESCCI-ECL research program, commenced in 2010 and consists of a suite of interrelated projects led by the NSW Office of Environment and Heritage. The ESCCI-ECL research program aims to improve our understanding of past, current and future ECLs and assess how these events influence extreme rainfall events, coastal processes and water security. The five projects within ESCCI-ECL arose from extensive workshopping since 2008 with researchers and stakeholders at all levels of government and industry and are listed and described here: http://climatechange.environment.nsw.gov.au/Impacts-of-climate-change/East-Coast-Lows. This paper focuses on research conducted as part of ESCCI-ECL Project 5 (i.e. regional water security impacts of extreme ECLs on ESA reservoirs) which aims to better understand the following knowledge gaps:
• The relationship between ECLs and the intensity, frequency, duration and location of extreme historical storm events (i.e. heavy rainfall, high seas and/or strong winds). • How ECLs form (i.e. what makes a regular maritime low turn into a major ECL event) and the characteristics and relative importance of different types of ECLs (i.e. ECL 'bombs' versus others). • Historical (i.e. instrumental and pre-instrumental/paleo) ECL intensity, frequency, location, duration, path and geographical extent and how this and the related impacts have varied (and/or trended) over time. • Historical ECL intensity, frequency, location, duration, path and geographical extent and how this and the related impacts are linked to large-scale ocean-atmospheric processes such as El Niño/Southern Oscillation (ENSO), Interdecadal Pacific Oscillation (IPO), Indian Ocean Dipole (IOD), Southern Annular Mode (SAM) and subtropical ridge (STR) (refer to Risbey et al. 2009 , Gallant et al. 2012 , and Kiem and Verdon-Kidd 2013 for further details on these large-scale ocean-atmospheric processes and what we know about their relationship with hydroclimatic variability in Australia). • Historical variability and trends in ECL behaviour and how this has impacted historical water availability, dry spells, and breaking of dry spells within the ESA. • The likelihood and characteristics of changes to ECL intensity, frequency, location, path and geographical extent under anthropogenic climate change and resulting implications for water security within the ESA.
In this paper we focus specifically on the following questions:
• When do ECLs occur and has this changed over time?
• Where do ECLs occur and has this changed over time?
• What is the relationship between ECLs and rainfall at different locations within the ESA?
Data and method 2.1 Defining and categorising ECLs
In this paper we use the East Coast Cyclones (ECC) dataset produced by Browning and Goodwin (2013) to obtain a time series of ECC (referred to as ECLs in this paper) occurrences and locations from 1979 to 2011. The Browning and Goodwin (2013) ECC dataset objectively identifies, tracks and classifies ECLs from the 1.5° European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis Interim (ERA-Interim) 6-hourly sea level pressure (SLP) data. Consistent with the Australian Bureau of Meteorology (BOM) definition of an ECL, the Browning and Goodwin (2013) algorithm initially identifies all closed contour low pressure systems in the study area by measuring pressure gradients. This initial ECL identification is then refined to eliminate weaker or less significant closed circulation lows and by treating two or more closed circulation lows that occur very close to each other in time (sequential 6-hourly time steps) or space (3-6° latitude-longitude) as a single ECL event. The Browning and Goodwin (2013) method identifies significantly more events than have been identified in previous subjective analyses (e.g. Speer et al. 2009 ) but, importantly, Ji et al. (2015) show that the major ECL events are consistent when comparisons are made between the Browning and Goodwin (2013) Browning and Goodwin (2013) then look at 'pre-storm trajectories' to objectively sub-classify each ECL event into one of five main ECL sub-types previously defined in Public Works Department (1985, 1986) . This sub-classification is based on: storm-track latitude, whether the storm evolved mostly over the land or the sea, whether it tracked north or south, and its orientation to Australia's Great Dividing Range). Accordingly, the ECL sub-types are defined as follows:
1) Easterly trough lows (ETL): events that track mostly east of the Great Dividing Range and in a southerly direction.
2) Southern secondary lows (SSL): events that track mostly over the ocean and in a northerly direction.
3) Inland troughs (IT): events that evolve mostly over land, west of the Great Dividing Range and north of 30°S. 4) Continental lows (CL): events that evolve mostly over land, west of the Great Dividing Range and south of 30°S. 5) Extratropical cyclones (XTC): differentiation between ETLs and ECLs that evolve from tropical cyclones based on storm track trajectories is problematic, as both storm types develop in a similar region and follow similar tracks. However, the BOM maintains a database of all tropical cyclone occurrences and tracks from 1900 to present (http://www.bom.gov.au/cyclone/history/). XTCs are therefore defined as events that evolved from storm systems included in the BOM tropical cyclone database.
The spatial domain for our study, and the method for defining and categorising ECLs, is the same as that used by Browning and Goodwin (2013)-resulting in the same ECL event characteristics (i.e. intensity, frequency, location, duration, path, geographical extent). This is deliberate, and necessary, as part of the reason why so much uncertainty and so many knowledge gaps remain around ECLs and their impacts is because of the multiple ECL definitions and datasets that exist (there is inconsistency and contradiction in the published literature on ECLs and their impacts and this is at least partially related to the fact that it is rare to find two studies that use the same ECL definitions or dataset; e.g. Speer et al. 2009 , Pepler and Rakich 2010 , Browning and Goodwin 2013 , Callaghan and Power 2014 , Pepler et al. 2014a , 2014b , Black and Lane 2015 . One of the first priorities of ESCCI-ECL was to agree on an ECL definition and dataset that all ESCCI-ECL projects should use and it was determined that the Browning and Goodwin (2013) was the most appropriate. However, even though our study is based on the ECL dataset prepared by Browning and Goodwin (2013) the objectives and methodology of our study differs in the following ways:
• Browning and Goodwin (2013) focus on winter (May to August) but we investigate ECL behaviour in all months. • Browning and Goodwin (2013) focus on the number of storm days but we investigate frequency of ECL events.
• Browning and Goodwin (2013) focus on mean storm tracks for ECLs from 48 hours before to 48 hours after the storm peak. We also do this but expand by also showing information about the distribution of storm locations within each ECL sub-type (i.e. not just the mean storm track) in the various stages of the ECL development and decline. This information is important for hydrology as we want to know when (i.e. pre-or post-peak intensity and peak impact) and which ECLs spend most time over the water supply catchments within the ESA. • Browning and Goodwin (2013) do not investigate the relationship between ECLs and rainfall within the ESA.
Relationship between ECLs and ESA rainfall
To assess the relationship between ECLs and ESA rainfall, observed rainfall data was obtained from BOM high quality gauges located within the ESA for the period where the Browning and Goodwin (2013) ECL sub-type information was available . To allow easier visualisation of spatial patterns, gridded daily rainfall data from the Australian Water Availability Project (AWAP; Jones et al. 2009 ), a joint initiative of the BOM and the Commonwealth Scientific and Industrial Research Organisation (CSIRO) was also used (refer to Tozer et al. 2012 for discussion on why both observed rainfall data, i.e. obtained directly from rainfall stations, and gridded AWAP data should be used).
The daily rainfall data was first stratified based on whether or not the day was associated with an ECL event (occurring anywhere from '0' hour on within the spatial domain used by Browning and Goodwin (2013) ) and then the ECL rainfall days were further stratified according to the sub-type the ECL was classified as. Two limitations of this method are: (1) no consideration was given to the location of the ECL within the study domain (i.e. rainfall in the ESA is considered ECLrelated if an ECL is occurring anywhere in the study area) and (2) if two or more ECLs are occurring on a given day a decision has to be made as to which ECL the rainfall for that day is allocated to. The first limitation we have not addressed in this study so as to keep things as simple as possible (i.e. no consideration is given to the distance between rainfall location and the location of an ECL occurring at the same time) for the stochastic rainfall generation, done in parallel studies, that these results are used for (subsequent studies will assess the sensitivities and uncertainties associated with this decision). Regarding the second limitation, over the entire 1979-2011 study period only 20 days were associated with two ECL events (and no days were associated with more than two ECL events) out of a total 1290 days associated with an ECL (corresponding to only 1.55% of all ECL days). When two ECLs did occur on the same day it was usually when the peak or end of a 'primary' ECL event overlapped with the beginning of a 'secondary' ECL event. Furthermore, of the 20 days that contained two separate ECLs, 12 of these days contained two ECLs of the same sub-type. For the residual 8 days (0.62% of all ECL days) it was assumed that rainfall occurring over the ESA would most likely be associated with the 'primary' event (noting again that this only occurred for 0.62% of all ECL days so is unlikely to have a significant effect on the results or conclusions).
In this paper, to aid synthesis of results we only present and discuss the results obtained using the Browning and Goodwin (2013) ECL sub-types and AWAP rainfall data (see Section 3.3) but readers are referred to Kiem (2015, 2016a) for more detailed analyses obtained using multiple ECL datasets and both gauged and gridded rainfall. Importantly, while differences emerge as a result of using different ECL or rainfall datasets the conclusions and key insights made in this paper do not change. However, this paper focuses only on rainfall patterns and large-scale changes in ECL behaviour so care should be taken, for example, when using the insights here to develop inputs for hydrological modelling as the AWAP dataset has documented limitations and uncertainties, especially at higher elevations and/or in areas or time periods where gauged information is sparse (e.g. Jones et al. 2009 , Tozer et al. 2012 , King et al. 2013 ). Figure 2 shows the frequency of occurrence for each of the five different ECL sub-types within the different months of the year. Overall, Figure 2 shows that ECLs are possible in any month of the year but are most frequent from April to October. However, while it is true that ECLs can occur in any month of the year it is important to note that some ECL sub-types are far more prevalent at certain times of year. ETL, SSL, and CL sub-types are the most common but this varies markedly across the different months (e.g. the frequency of ETLs is lower in the second half of the year (Jul-Dec), the frequency of CLs is lower in the first half of the year (Jan-Jun), and SSLs rarely occur in summer (Dec-Jan-Feb)). Following on from this, while each ECL sub-type is more likely to occur in certain months, Figure 2 also shows that, except for XTCs (which have only occurred from November to April), any ECL sub-type can occur at any time of the year. This is an important observation since it is the ECL events that occur 'out of season' that potentially cause the most problems for water resources management due to their rare and unexpected impacts for that time of year (e.g. reservoir filling events occurring at a time of the year when reservoir levels are typically already high).
Results

When do ECLs occur and has this changed over time?
Figure 2
Monthly frequency of ECLs, and ECL sub-types, from 1979-2011. ECL classification and timing is as per the Browning and Goodwin (2013) ECL dataset which covers the period 1979-2011. Figure 3 shows the frequency of ECL events, and also the breakdown into ECL sub-types, over the period 1979-2011. Figure 3 clearly shows that there is large interannual variability in the number of ECLs that occur each year and that this applies to ECLs over all and the different ECL sub-types. Relationships between this interannual variability in the frequency of ECL events and large-scale climate processes (e.g. ENSO etc.) have been suggested and this is the topic of recent and ongoing research (e.g. Gallant et al. 2012 , Pepler et al. 2014a , 2014b , Twomey and Kiem 2015 , 2016a , Power and Callaghan 2016 , Tozer et al. 2016 .
Figure 3
Annual frequency of ECLs, and ECL sub-types, from 1979-2011. Figure 4 shows the results of investigations into whether or not any trends exist in the frequency of ECL occurrence (ECLs overall and the different ECL sub-types). It should first be noted that 1979-2011 (i.e. the period covered by the Browning and Goodwin (2013) ECL dataset used here) is most likely not a long enough time period to detect anything meaningful in terms of trends (especially given the large interannual variability in ECL occurrence that is illustrated in Figure 3 ). Nevertheless, since there have been suggestions made in the mainstream media that the frequency of storms has been increasing we investigated the data to see if there was any evidence to support these claims. Figure 4 shows no obvious or statistically significant trend in either the total number of ECLs that have occurred per year or the number of occurrences per year for each of the ECL sub-types. This is consistent with Ji et al. (2015) and Twomey and Kiem (2016a) who performed a similar analyses using other ECL datasets (e.g. Speer et al. 2009 and the BOM's Maps and Tables of Climate Hazards on the Eastern Seaboard; MATCHES) and also concluded no statistically significant trends in annual ECL frequency. It is important to note that, as previously mentioned, the periods covered by the available ECL sub-type datasets (36 years for Speer et al. 2009 ; 32 years for Browning and Goodwin 2013) are short in the context of detecting and quantifying meaningful trends. Therefore, since the observations are limited the results in Figure 4 do not necessarily mean that no trend exists over the longer term (e.g. from 1900-present) and also do not exclude the possibility that the annual frequency of ECLs or the ECL sub-types will change in the future. However, based on the evidence currently available it appears that annual ECL and ECL sub-type frequency follows more of a cyclical pattern which provides more weight to the suggestion that ECL behaviour (i.e. frequency, timing) is related to large-scale processes known to be associated with interannual to multidecadal hydroclimatic variability in Australia (e.g. Gallant et al. 2012 , Pepler et al. 2014a , 2014b , Twomey and Kiem 2015 , 2016a , Power and Callaghan 2016 , Tozer et al. 2016 .
Figure 4
Trend analysis of ECLs, and the ECL sub-types, from 1979-2011. Figure 5 shows the spatial variation in the location of ECLs, categorised by ECL sub-type as per Section 2.1, that have occurred from 1979-2011 during four different phases of the ECL event. Also included in Figure 5 is the spatial variation in the location of minimum mean sea level pressure (MSLP) for each ECL sub-type, which is indicative of the location of peak intensity for each ECL event. Note that the minimum MSLPs (i.e. peak intensity) for each ECL sub-type are more tightly clustered than the location of the ECLs during the four different phases of the ECL event. This means it is possible to present the map of minimum MSLPs for each ECL at a different scale (zoomed in) to the other four maps, making it easier to visually distinguish the differences between different ECL sub-types.
Where do ECLs occur and has this changed over time?
As with the previous results relating to the frequency and timing of ECLs it is clear that the different ECL sub-types also have different characteristics when it comes to the location that they typically occur in. Some geographical spread in the locations of different ECL sub-types is expected due to the way the ECL sub-types are defined (see Section 2.1) however the spatial variability illustrated in Figure 5 , far more than what is suggested by the mean storm track shown in Figure 1 of Browning and Goodwin (2013) , is particularly important for water resource management as even a small shift in the location of ECL events could mean that reservoir filling rainfall no longer falls over the catchment areas for important urban water supply systems within the ESA. Also important is the fact that some regions within the ESA are clearly influenced by multiple ECL sub-types (e.g. the regions under overlapping boxes in the entire ECL life-cycle, i.e. (iv), part of Figure  5 ). Therefore, the results in Figure 5 demonstrate that it is crucial for water resources management and infrastructure design to know which ECL sub-types are important for which regions within the ESA and how the location of those important ECL sub-types has changed over time (and may change in the future).
Figure 5 also reveals that there is not much difference between categories (ii) and (iii), indicating that not many ECLs persist for longer than 48 hours after their detection (i.e. day 0). This is a result that was expected but was necessary to confirm as it is important to know when (i.e. pre or post peak intensity and peak impact) and which ECLs spend most time over the water supply catchments within the ESA-these results demonstrate that it is likely that ECLs have minimal impact 48 hours after their development and this is useful information when forecasting ECL impacts or stochastically simulating rainfall for use in water resource management, assessing water security, and/or infrastructure design. The results in Figure 5 also serve as useful baseline information with which to compare past or future ECL behaviour (either modelled or observed) to determine whether the location and/or persistence of ECLs or their impacts is different to what has occurred in the 1979-2011 period studied here. . Also included is the spatial variation in location of minimum mean sea level pressure (MSLP) for each ECL sub-type, i.e. location of peak intensity (bottom left). Note that the minimum MSLPs for each ECL sub-type map uses a different scale to the other four maps. Figure 6 shows the average, standard deviation and range of daily rainfall associated with the five ECL sub-types at different locations along the ESA. The intention here is to illustrate the distribution of rainfall associated with each ECL subtype across the different parts of the ESA. In addition, to illustrate the relative importance of different ECL sub-types for different parts of the ESA, Figure 7 shows the rainfall associated with each ECL event, stratified by ECL sub-type, as a percentage of total ECL rainfall and as a percentage of all rainfall (i.e. ECL and non-ECL related rainfall) at different locations within the ESA.
What is the relationship between ECLs and rainfall within the ESA?
Generally, Figure 6 and Figure 7 show that ETLs are associated with the largest amount of rainfall and impact most regions of the ESA, except the south ESA. SSLs and CLs are responsible for a lot of rainfall in the south ESA but have less influence elsewhere. ITs affect the whole ESA but their overall impact in terms of rainfall magnitude is not as great as the other ECL sub-types. XTCs most influence the mid-north ESA and are associated with significant rainfall when they occur but given there are not as many XTCs as there are other ECL sub-types the amount of rainfall associated with XTCs is relatively small when compared to total ECL and non-ECL rainfall received. As expected, the spatial patterns of the ECL sub-type and ESA rainfall relationships is strongly linked to the spatial variability in the locations of the different ECL sub-types ( Figure 5 ).
From Figure 6 and Figure 7 , it is clear that for a given location within the ESA there is marked variability in the rainfall associated with different ECL sub-types ( Figure 6 ) and also large differences in the proportion of total rainfall ECLs are responsible for (Figure 7) . This implies that different ECL sub-types are more/less important for water security at different locations and that it is not enough to focus on how ECLs in general impact ESA's hydroclimate or might change in the future. Rather, there is a need to identify, on a location by location basis, the ECL sub-type(s) that are most important for a given region followed by a focus on how the characteristics, and impacts, of the critical ECL sub-type(s) have changed in the past and are projected to change in the future. Also important is to understand and quantify the mechanisms responsible for non-ECL related rainfall (since, as shown in Figure 7 , while obviously important ECLs are still only responsible for up to ~50% of rainfall in most ESA locations). This further research is currently underway.
The spatial pattern of the different rainfall statistics associated with each ECL sub-type (as illustrated in Figure 6 and Figure 7) also suggest significant inhomogeneity in rainfall patterns across the ESA. The ESA has previously been identified as being different to the rest of Australia in terms of rainfall patterns (e.g. McBride and Nicholls 1983 , Drowsdowsky 1993 , Verdon and Franks 2005 , Verdon-Kidd and Kiem 2009 , Timbal 2010 , Pepler et al. 2014a , 2014b , but inhomogeneity in rainfall patterns within the ESA is not well understood. Figure 6 and Figure 7 show that inhomogeneity in rainfall patterns within the ESA does exist and that, combined with other results presented in this paper, suggests that this inhomogeneity is related to ECL behaviour. This finding is further explored in Twomey and Kiem (2016b) .
Figure 6
Average, standard deviation and range of daily rainfall associated with the five ECL sub-types at different locations within the ESA (period of analysis is 1979-2011).
Figure 7
Rainfall associated with each ECL event, stratified by ECL sub-type, as (on the left) a percentage of total ECL rainfall and (on the right) as a percentage of all rainfall (i.e. ECL and non-ECL related rainfall) at different locations within the ESA (period of analysis is 1979-2011).
Conclusions
In this paper we investigate the spatial and temporal variability of ECLs, specifically the five ECL sub-types defined and categorised by Browning and Goodwin (2013) , and the relationship between ECLs and rainfall at different locations within the ESA.
We find that:
1) No trend is evident in the timing or frequency of ECL occurrence (based on analysis of 1979-2011) however there is a large degree of interannual variability that may be related to atmosphere-ocean coupled processes such as ENSO, IPO, IOD, SAM or STR. This finding is the same whether ECLs are considered all together or separately by ECL sub-type. Further work is needed to develop longer datasets of ECL occurrence and to better understand and quantify temporal variability (or changes) in the timing or frequency of ECLs and ECL sub-types. 2) There is a large degree of spatial variability in the location of different ECL sub-types during the different stages of the ECL life cycle. Some geographical spread in the locations of different ECL sub-types is expected due to the way the ECL sub-types are defined (see Section 2.1) however the spatial variability in the location of different ECL sub-types is particularly important for water resource management as even a small shift in the location of ECL events could mean that reservoir filling rainfall no longer falls over the catchment areas for important urban water supply systems within the ESA. Also important is the fact that some regions within ESA are clearly influenced by multiple ECL sub-types-again, demonstrating that it is crucial for water resources management and infrastructure design to know which ECL sub-types are important for which regions within the ESA and how the location of those important ECL sub-types has changed over time (and may change in the future). 3) For a given location within the ESA there is marked variability in the rainfall associated with different ECL subtypes and also big differences in the proportion of total rainfall ECLs are responsible for. This implies that different ECL sub-types are more/less important for water security at different locations and that it is not enough to focus on how ECLs in general impact ESA's hydroclimate or might change in the future. Rather, for water security in specific regions there is a need to identify, on a location by location basis, (a) which ECL sub-type(s) are most important for a given region and how/when they impact and (b) how the characteristics, and impacts, of the critical ECL sub-type(s) have changed in the past (instrumental and pre-instrumental) and are projected to change in the future. 4) The timing, frequency and location of different ECL sub-types appears to be related to the inhomogeneity observed in the rainfall patterns across the ESA. This finding is further explored in Twomey and Kiem (2016b) .
The spatial and temporal variability in ECL behaviour demonstrated here at least partially explains why the ESA is hydroclimatically different to the rest of Australia and why different locations within the ESA have such different rainfall patterns-and therefore different levels of flood and drought risk depending on the overarching climate phase (i.e. frequent ECLs or not, certain ECL sub-types more prevalent than others). These insights are critical to the objectives of the ESCCI, in particular Project 5 which focuses on the water security impacts of ECLs. The results of this work will now be used to produce climate-informed stochastic daily rainfall simulations (e.g. Kiem and Franks 2004 , McMahon et al. 2008 , Chowdhury et al. 2015 , Mortazavi-Naeini et al. 2015 that are more realistic than existing stochastic rainfall simulation methods at preserving the statistics important for catchment-scale hydrology (e.g. clustering of extreme events, long-term persistence, frequency/duration/magnitude of wet and dry spells). These simulated rainfall sequences, that incorporate the spatial and temporal hydroclimatic variability caused by ECLs and other climate phenomena, are important inputs into the hydrological models used to determine current and future urban water security in the ESA (Lockart et al. 2016 ).
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